IN RECENT years, the many advantages of detecting and studying cardiovascular sounds from within the heart have been stressed by many authors workingo in the field of intracardiae phonocardiography.1-6 One of the most fascinating and useful aspects of intracardiae sound detection is that it provides precise localization of sound production and therefore yields clues to intracardiae lesions even in cases in which catheterization data are equivocal. [7] [8] [9] Intracardiae acoustic auscultation is now possible by means of a very simple tool devised in this laboratory. Due to the many similarities with the clinical acoustic stethoscope, this instrument has been called an "intracardiae stethoscope." It allows an acoustic scanning of the heart cavities to be carried out while avoiding some common disadvantages of electronic devices such as background noise, artifacts, high cost, and fragile intracardiae pickups.
By feeding the output of the intracardiae stethoscope into a suitable external microphoue, intracardiae sounds can be recorded with a simultaneous intracardiae pulse wave. The latter is a useful reference tracing in that it provides precise localization of sound recording.
It is the purpose of this studv to describe this new technic for intracardiae auscultation and phonocardiography and to stress its simplicity and advantages by presenting some significant observations obtained in a group of 62 patients with normal hemodynamic findings and congenital or acquired heart disease.
Methods and Material
The intracardiae stethoscope ( fig. 1) rived from the "vibrocatheter," which is a special cardiac catheter designed in this laboratory to deliver calibrated sounds into the heart for the investiga.tion of chest transmission of cardiovascular sound.10' 11 It consists of a thin-walled catheter, no. 6F to no. 9F in size (figs. 2 and 3) and 80 to 100 cm. long, with closed distal tip and four to six openings in the lateral wall within the last 1.5 to 3 cm. of the tip. The side openings are covered by a thin latex cuff secured to the exterior wall of the catheter. The cuff has a diameter 0.5 to 0.7 mm. greater than the catheter and is 1 to 2.5 cii. long, according to the size of the catheter. The inside of the cuff is in communication with the lumen of the catheter through the openings in the catheter. The function of the cuff is to collect sound vibrations from within the heart and transmit them to the column of air in the catheter and thereby to the outside of the body.
Special attention was given to the ratio between the area of the latex membrane and the lumen of the catheter to reduee the loss of sound intensity that occurs at the tip of the catheter because of the blood-air interface and the great difference of the acoustic resistances of these two media. This ratio was about 100 or more in the average catheter, reducing the loss of sound intensity to approximately one third that of direct transmission of sound from blood to air.* The catheter is connected either with the tubing of a binaural stethoscope as shown in figure 1 for intracardiac acoustic auscultation or to a specially arranged piezoelectric microphone for intracardiac sound recording. This microphone is airtight except for a fitting on the cover to which the catheter is connected by a short, sterile rubber tube. The output of the microphone can be directly *The ratio between the acoustic resistances of blood and air is approximately 3,200, which causes a loss of sound intensity of about 29 decibels when sound is directly transmitted from blood to air.' With the use of a sound catheter in which the ratio between the area of the latex cuff and the lumen of the catheter is 100, assuming that the latex membrane does not affect the characteristics of sound transmission significantly, the loss of sound intensity, according to our calculationas, will be reduced to only 9 decibels with a gain of 20 decibels compared to the direct transmission of sound from blood to air. Circulation, Volume XXVII, April 1963 fed into a common phonocardiograph (if only sounds are needed) or into a special preamplifier that separates the audio frequencies from the lower frequencies such as those produced by the major intracardiac pressure oscillations. By the use of this preamplifier simultaneous intracardiae sounds and pulses can be recorded.* This has a two-fold advantage: it provides a reference tracing to identify the heart cavity from which sounds are detected and allows correlation of intracardiae acoustic and mechanical events of the cardiac cycle.
In a previous study,'1 examples of stethoscopic and logarithmic response curves of sound catheter s of various sizes were reported. These showed that the response of the catheters most commonly used (no. 6F to no. 8F) is, on the whole, satisfactory for frequencies in the range of the cardiac sounds (below 1,000 cycles per second) despite the presence of some resonances of minor importance.
Handling of the catheter, except the latex membrane at the tip, does not produce excessive extraneous noise compared to other intracardiae sound detectors.13 14 This is a feature of great importance in preventing certain artifacts when the catheter is inserted into the cavities of the heart.
A double-lumen catheter (figs. 2 and 3) was used in a limited number of cases. One lumen of *While steps are being undertaken to make this equipment commercially available, the laboratory of the Cardiovascular Service, Ospedale Civile, Udine, Italy, can supply a limited number of catheters and preamplifiers.
Circulation, Volume XXVII, April 1963 Figure 1 The intracardiac stethoscope. this catheter ended in the latex cuff and was used for intracardiae auscultation and simultaneous recordings of sounds and pulses. The other lumen was used for blood sampling and pressure recordings through an external electromanometer. The simultaneous recordings of intracardiac pulses anid pressures made possible by the use of this catheter, showed that the two types of curves are quite similar ( fig. 4 ). The intracardiae piezoelectric pulses usually preceded the electromanometric pressure curves by 0.01 to 0.02 second.
The sound catheter can be either autoclaved or sterilized chemically like an ordinary cardiac catheter. In both instances, and when rinsing the catheter for any purpose, care should be taken to avoid fluid entering the lumen.
The sound catheter is introduced into the cavities of the heart by the usual technic of venous or retrograde arterial catheterization. During right heart catheterization it is usually advanced into the pulmonary artery and then it is linked to the tubing of a binaural stethoscope by a short metallic sterile connection ( fig. 1 ). The catheter is then moved back and forth under continuous auscultation ( fig. 5A ). Once the source of the best quality and intensity sounds has been located, Close up of the tip of a single lumen catheter (above) and of a double lumen catheter (below).
the catheter is connected with the microphonepreamplifier assembly ( fig. 5B ) and sounds are recorded simultaneously with an intracardiac pulse. The same procedure (first careful ausdultation and then recording) is repeated for each chamber of the heart or vessel explored.
Two photographic recorders were used in this study. One was a two-channel phonocardiograph (Sanborn, Twin Beam) providing stethoscopic and logarithmic curves of amplification; the other was a six-channel recorder (Hellige, Multicardiotest) providing stethoscopic, logarithmic, and other curves of amplification by selective filtration.
A group of 62 patients aged 4 to 52 years, who underwent routine cardiac catheterization for diagnostic purposes, was studied by the technic described here. Table 1 shows the clinical diagnoses in this group. Results
Acoustie auseultation of the cavities of the heart gave sounds of good quality and intensity in all cases, even in those in which external auscultation was unsatisfactory because of chest disease or obesity.
The quality of sounds detected by the intracardiac stethoscope is equal to that of sounds obtained by a diaphragmatic stethoscope in clinical auseultation.
Sounds auseultated from within the right cavities of the heart are of equal or greater intensity as compared to those collected from the surface of the chest by nmeans of an efficient clinical stethoscope (Sanborn, Rappaport-Sprague acoustic stethoscope, model 280).
Sound detected from the left side of the heart in eases of atrial septal defect were in all instances distinctly louder than those auscultated on the precordium. By acoustic auscultation it was easy to discriminate true intracardiae cardiovascular sounds from noises produced by rubbing or hitting of the catheter against the iuner walls of the heart. These artifacts are of peculiar quality and therefore can be immediately reeognized by the clinically trained ear.
The findings of intracardiae auscultation in this group will be presented together with the phonocardiographic findings. In normal hearts ( fig. 6 ), the first heart sound was loudest on either side of the tricuspid valve and in the outflow tract of the right ventricle. It occurred 0.06 second after the beginning of the QRS complex and 0.04 after the onset of the intraventricular pulse. It consists mostly of a single group of vibrations whose intensity diminished toward the apex of the right vertriele, in the upper part of the right atrium, and in the venae eavae. Occasionally a loud first sound was heard and recorded in the pulmonary artery just above the semilunar valves. This sound was slightly delayed coinpared to that recorded in the ventricle and was synichronous with the onset of the intrapulmonary pulse that corresponds to the opening of the semilunar valves.
The second heart sound was loudest on either side of the pulmonary valves and synchronous with the dicrotic notch of the intrapulmonary pulse. This sound was soft in the mid and lower part of the right ventricle, in the right atrium, and in the main branches of the pulmonary artery.
A fourth heart sound, usually single, was best recorded toward the lower part of the right atrium, synchronous with the "a"' wave of the atrial pulse. In a few cases a presystolic sound was recorded in the right pulmonary artery.
In almost all cases, a soft systolic ejection murmur was heard and recorded in the pulmonary artery, just above the semilunar valves and at the origin of its main branehes. This murmur disappeared once the catheter was further advanced into the main branches of the pulmonary artery.
When the tip of the catheter was moved back and forth across normal pulmonic and Circulation, Volume XXVII, April 1963 tricuspid valves, crackling noises and systolic and diastolic murmurs could be heard and recorded. These artifacts disappeared as soon as the tip of the catheter had crossed the valvular orifice.
A B Figure 5
A. Intracardiac acoustic auscldtation is carried outt by menis of the intracardiac stethoscope. B. Once the best area of sound productioin has been located, the catheter is connected to the microphone-preamplifier assembly for recording simultaneous intracardiac sounds and pulses. The latter wvill provide precise location of sound recordings.
In atrial septal defects, the features observed with a different technic of intracardiae phonocardiography (previously reported) were encountered. In those cases in which the sound catheter entered the left atrium and ventricle, the heart sounds increased in intensity two to four times compared to the sounds heard in the right heart. Furthermore, a soft, high-pitched systolic murmur of uncertain origin was noted in the left ventricle.
In cases of valvular pulmonary stenosis ( fig. 7) , a loud systolic diamond-shaped murmur was present within the pulmonary artery and was particularly loud above the semilunar valves. The murmur was occasionally heard in the right atrium with greatly reduced intensity. A soft, delaved pulmonary componenit of the second sound was recorded, though not heard, in all cases.
In cases of patent ductus arteriosus ( fig. 8 ), the typical continuous murmur was confined to the pulmonary artery as observed with other technics of intracardiae phonocardiography.4 ' 13 In uncomplicated ventricular septal defects a loud pansystolic murmur was present in the right ventricle and was occasionally heard, with greatly reduced intensity, in the right atrium. In cases of small ventrieular septal defects the murmur was not necessarily pansystolic ( fig. 9 ) and was detected only in the outflow tract of the right ventricle.
In cases of tricuspid stenosis a typical diastolic murmur was best detected in the inflow tract of the right ventricle. The murmur of tricuspid insufficiency was present on either side of the tricuspid valve, rather close to the valvular orifice.
In cases of severe aortic stenosis a midsystolic murmur was occasionally heard and recorded throughout the right cavities of the heart. In one case it was loudest at the pulmonic valve (across which no pressure gradient was recorded) and in the upper part of Circulation, Volume XXVII, April 1963 582 ..f Figure 6 Normal right intracardiac phonocar-diograms recorded with simultaneous intracardiac pulses or with anl electrocardiogram. (See text for mnoire expIlanation.) the superior vena eava, probably due to the anatonmie relationship of this vessel with the aseending aorta.
In the differential diagnosis of an early diastolic sound, intraeardiae auseultation anid a simultaneous recording of intracardial and external phonocardiograms were of considerable help. In figure IOA , an early diastolic sounld is identified as a delayed pulnmonie second sound by the intracardiae phonocardiogram recorded as a referenee tracing. Respiratory sounds could be heard throughout the lesser eirculation. They caused no important interference with intracardiae sound recordings, however, and appeared much less intense than when reeorded on the chest (fig.  lOB) .
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Discussion
Initrathoracie auscultation of the heart was first carried out by the esophageal route il 1892 by Richardson116 and Hoffmann.17 By use of flexible tubes, open or closed at the distal end, this technic was improved over the years and was used also for recording esophageal phonocardiograms.1's 19 With the advent of open-chest surgery a sterilized stethoscope could be placed oni the heart for epicardial auscultation. Never, to the best of the author s knowledge, was a special stethoscope arranged for auscultating the cavities of the heart in the human closed chest. Therefore this group of patients is apparently the first to be studied by acoustic intracardiae auscultation.
The intracardiae stethoscope resenmbles a
Figure 7
Mild pulmonary stenosis. A diamond-shaped systolic murmnur is localized in the pulmronary artery (tracinig on the left) and is virtually absenzt i, the right atrium (tracing on the right).
Figure 8
Continuous tracing (intracardiac and exterrnal phonocardiograins) obtained during pull back of the catheter from the aorta in the pulmonary artery and right ventricle in a case of large patent ductus arteriosus with mild coarctation of the aorta. A soft late systolic murmur is recorded within the aorta. A loud continuous mrurmur is recorded within the ductus and the pulmonary artery. This murmutr pratctically disappears when the catheter is w?ithdrawn inl the right rentricle. clinical diaphragmatic stethoscope very closely. The latex cuff at the tip of the catheter has the same function as the diaphragm: it collects sound vibrations and transmits them to the column of air enclosed in the tubinig system. The laws formulated by Rappaport and Sprague20 21 and by Johnston and Kline22 for the clinical stethoscope can therefore apply, to some extent, to the intracardiae stetho-scope. By inereasing the area of the latex nmembrane and the lumen of the catheter and by shortening the tubing system (catheter and ear tubes) one can improve the performance of the intracardiae stethoscope for the lower frequencies. Opposite changes in these parameters will improve the response of the apparatus for the higher frequencies.
As already pointed out, the intracardiae Circulation, Volume XXVII, April 196v 5-84 rigure 9 Small ventricular septal defect. A mid-systolic murmur is recorded within the outflow tract of the right ventricle. The murmur in the right atrium. stethoscope is quite efficient. It transmits sounds of good quality and intensity that are similar to those commonly heard in clinical practice and are therefore quite familiar to the observer 's ear. Compared to electrical auscultation with various technics of intracardiae phonocardiography,6' 13,14 acoustic intracardiae auscultation has some obvious advantages. First, it is always reliable and handy, for it does not depend upon the functions of special electronic equipment (often, very fragile and noisy) and the operator does not need the cooperation of other people ( fig. 5A ). Secondly, it provides a better evaluation of relative intensity and quality of cardiovascular sound. Finally, it permits a quick identification of the artifacts that appear commonly in the detection of intracardiae sounds and are caused by contact of the catheter against the inner walls of the heart and vessels. For these reasons, intracardiae acoustic auscultation appears to be a valid complement for intracardiae phonocardiography and, therefore, as in routine chest phonocardiography, it should precede all recordings with the purpose of locating the best area of sound production.
The technic of recording, intracardiac sounds with the help of the intracardiae stethoscope appears to be the most practical, simple, and reliable method. The sound catheter, like an ordinary cardiac catheter, is built in suitable sizes (no. 6F to no. 9F), it is prac-Circulation, Volume XXVII, April 1963 disappears when the catheter is withdrawn tically unbreakable, very low in cost, and can be sterilized by heat. As demonstrated in a previous report'1 the catheter can be linked to a common external microphone by a simple metal connection, so that the intracardiac phonocardiogram can be recorded by the same equipment used in routine clinical phonocardiography. In this study, it was shown that, with the help of a specially designed preamplifier, it is possible to record simultaneous intracardiac sounds and pulses through the same catheter. This not only provides precise localization of the site of recording but, since intracardiae sounds and pulses are transmitted through the same medium and converted into electrical impulses by the same transducer, their inscription is synchronous, providing a good correlationi between acoustic and mechanical events of the cardiac cycle.
Since the frequency-intensity response curve of the intracardiae stethoscope is not a flat one because of some specific resonance peaks, attempts are being made in this laboratory to correct such a curve by electrical filtration. This will significantly improve the quality of sound recordings.
Air transmission is commonly used in clinical practice to detect jugular and carotid pulses. This technic was used by Luciani23 long ago (1878) to record the atrial pulse from the esophagus. For the same purpose Lasser and Loewe24 improved this technic rather re-I"85r cently, and Condorelli25 has been using it for many years to record intracardiac oscillograms. The results reported by these authors prove the reliability and the high sensitivity of air transmission of pulses. Indeed, the intracardiae pulse curves obtained in this group were quite satisfactory for amplitude and shape, if compared with simultaneous inltracardiac pressure curves recorded by an external electromanometer (fig. 4 ).
In contrast with results by use of other teehnies of intracardiae phonocardiography,2' 13, 14 the pulmonary artery is a good reference of the second heart sound. B. Respiratory phonocardiogram (upper tracing) do not it should be noted that in our studies heart sounds and murmurs are not sharply localized in the cavity in which they are produced, but occasionally, and if sufficiently loud, they can be detected in other cavities. For instance, normal heart sounds are heard and recorded in all parts of the chest cavitv reached by the catheter. The murmur of severe aortic stenosis is heard throughout the lesser circulation. The murmur of pulmonic stenosis and that of ventricular septal defect can be heard in the right atrium. However, changes in the inten-sity of sounds and murmurs are so marked within the cavities of the heart that there is no problem in localizing the cavity in which they originate. In this respect, the new teehnie is not inferior to any other accepted teehnic for intracardiae phonocardiography and is of valuable help in the diagnosis of congenital and acquired heart disease.
Its simplicity and reliability, the great advantage of providing acoustic auscultation of the heart, as well as makinog possible simultaneous recording of intracardiae sounds and pressure pulses, give this new technic many advantages, and it may become a routine procedure in the laboratory of clinical cardiology. Summary Acoustic auscultation of the cavities of the heart was carried out in 62 patients with normal hearts and with congenital or acquired heart disease. The type of instrument used is a special cardiac catheter with closed dista-l tip and with side openings near the tip covered by a thin latex cuff. Intracardiae sound vibrations are collected by the latex muembrane, which tralnsmits them to the column of air in the catheter and thereby to the outside of the body.
The catheter can be connected either with the tubing of a binaural stethoscope, for acoustic intracardiae auscultation, or with a microphone. In the latter instance, with the help of a specially designed preamplifier, simultaneous intracardiae sounds and pulse curves can be recorded. This has a two-fold advantage: that of locating the site of recording (by the shape of the intracardiae pulse) and of correlating acoustic and mechanical intracardiae events of the cardiac cycle.
The advantages of acoustic intracardiae auscultation (an aid in avoiding artifaets auid locating the best area of sound production) and the practicality, reliability, and low cost of the new technic of intracardiac phonocardiography are stressed.
